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Abstract

Fluctuations in temperature non-uniformity along the line-of-sight of a diode laser absorption sensor in
a model scramjet are found to precede backpressure-induced unstart (expulsion of the isolator shock train).
A novel detection strategy combining Fourier analysis of temperature time series to determine low-fre-
quency heat release fluctuations with simultaneous measurements of multiple absorption features of
H2O to identify temperature non-uniformities was applied to the scramjet combustor. Time-resolved
absorption is measured using wavelength modulation spectroscopy for three transitions chosen with differ-
ent temperature-dependent absorption characteristics. The line-of-sight (LOS)-averaged temperature
inferred from the ratio of absorption from one pair of transitions is highly sensitive to low-temperature
non-uniformities along the absorption path while the other ratio is less sensitive. The fraction of fluctua-
tions in the range 1 < f < 50 Hz is determined from short-time Fourier transforms (STFTs) of the measured
temperatures from both transition pairs. The ratio of these fractions provides a robust measure of the low-
frequency fluctuations in temperature non-uniformities in the flow. Measurements in a scramjet test rig
indicate a distinct increase in low-frequency fluctuations of low-temperature gases several seconds before
the isolator shock train is forced out of the inlet by heat addition to the combustor. Though the precise
cause of the fluctuations remains unknown, the detection method shows promise for use in control schemes
to avoid back pressure-induced unstarts.
� 2009 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

To optimize performance or minimize emis-
sions from many of today’s practical combustion
1540-7489/$ - see front matter � 2009 The Combustion Instit
doi:10.1016/j.proci.2008.06.114
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systems, designers are increasingly pushing oper-
ating points toward the limits of combustor stabil-
ity. For scramjet engines, thrust is maximized
when fuel is increased to a level just before the iso-
lator shock train is forced out of the inlet by back-
pressure due to combustion [1]. For flight tests
and engines operating in a freejet, disgorging the
isolator shock train results in inlet unstart, which
causes a significant decrease in captured air mass
ute. Published by Elsevier Inc. All rights reserved.
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by the engine and potentially catastrophic failure.
Unstart is a highly unsteady process, owing to
unstable phenomena present in the scramjet near
unstart [2 and references therein]. In terms of the
inlet and isolator, several researchers [2–5] have
shown that increasing combustor backpressure
eventually leads to severe boundary–layer separa-
tion throughout the inlet, which obstructs the core
flow and causes unstart. Strong pressure oscilla-
tions associated with this process have been mea-
sured in the inlet and isolator both before and
after unstart [4,5]. The combustor also has strong
unsteady characteristics associated with its opera-
tion. Numerical analyses for several configura-
tions of a transverse fuel jet upstream of a cavity
flameholder found several sources of instability –
flow disturbances stimulated by shear-layer insta-
bility, injected-jet destabilization by disturbances
from the downstream flameholder, and an unsta-
ble Mach reflection formed above the jet due to
flow unsteadiness for cases of strong combustion
that leads to strong pressure fluctuations [6].
Unfortunately, no studies have been performed
on the interaction of the combustion process with
inlet transients during unstart. However, all of the
instabilities above result in large-scale flow fluctu-
ations which are certain to affect the time-depen-
dent behavior of the combustion process.

Thus far, research on the detection and control
of combustion instability has focused primarily on
subsonic turbulent combustors [7]. NOx emission
regulations on gas turbines have driven the use
of fuel–lean stoichiometries. Unfortunately, oper-
ation of turbulent combustors in lean regimes
increases susceptibility to thermoacoustic instabil-
ities [8] and lean blowout [9], both of which result
in large-scale fluctuations in pressure and temper-
ature in the combustor.

The primary methods employed by researchers
for detecting and controlling unstable fluctuations
have been acoustic techniques [10,11], light emis-
sion from combustion radicals [12], and line-of-
sight (LOS) absorption techniques [13–15]. Each
technique offers benefits and drawbacks. Acoustic
techniques generally use low cost and easy-to-use
pressure transducers or microphones but can suf-
fer from a lack of specificity due to background
noise and low spatial resolution. Emission tech-
niques employ photodetectors, but often lack use-
ful spatial resolution and can suffer from
background light emission and interference from
other species. Line-of-sight absorption sensors
rely on more expensive tunable diode lasers
(TDLs) and turnkey sensor packages are not yet
available. However, TDL-LOS techniques have
the potential for selected spatial resolution and,
as will be discussed below, can be designed to
detect specific aspects of interest in the flow (such
as fluctuations in localized heat release).

Previous fluctuation sensors based on LOS
absorption demonstrated the use of a near-IR
2

TDL to measure time-resolved temperature from
the ratio of water vapor absorption at two wave-
lengths and to actively suppress lean blowout and
thermoacoustic instabilities in a swirl-stabilized
combustor [13,14]. The sensor revealed an
increase in low-frequency temperature fluctua-
tions near lean blowout due to localized flame
extinction and re-ignition, and used this warning
to actuate a fuel valve to avoid blowout. Palaghita
and Seitzman [15] used an external-cavity diode
laser for pattern factor sensing in a stratified
methane–air combustor. Their sensor measures
water vapor absorption at three wavelengths.
Based on the interaction of temperature non-uni-
formity along the absorption path with the differ-
ent nonlinear temperature dependence of each
absorption feature, they defined a non-uniformity
parameter that increases with stratification and
may provide a suitable control variable for creat-
ing more uniform combustor properties.

In the current work, the application of a three-
wavelength, near-IR diode laser sensor to a
scramjet test rig for measurements during unstart
presents two key advances in fluctuation sensing
for combustion instabilities. First, the detection
strategy extends the ideas in [13–15] to create a
more robust method. The use of fast temperature
measurements and short-time Fourier transforms
(STFTs) to track frequency components in the
flow is made more robust by taking the ratio of
STFTs for the measured temperature of two
absorption feature pairs with different tempera-
ture dependences. This ratio reduces sensitivity
to degradations in signal-to-noise ratio (SNR)
and to certain combustor transients (e.g. during
startup). Furthermore, through the temperature
dependence of the selected absorption features,
this ratio can isolate specific aspects of interest
in the flow; e.g. low-frequency fluctuations of
low-temperature non-uniformities along the
absorption path.

The second key advance of this work is the
application of an optically-based fluctuation
detection strategy to measurements in a super-
sonic flow. The travel of acoustic waves in super-
sonic flows is complicated by the speed of the
moving gases. Wall pressure measurements are
subject to acoustic phenomena in subsonic bound-
ary layers, while pressure waves emanating from
events in the center of the combustor may not
be detected at the wall until they traverse the
supersonic gas and strike the wall downstream
of the event. Laser absorption strategies that
employ light, however, are capable of capturing
fluctuations along the beam path.

This paper is presented in three parts: first, the
sensor and fluctuation detection method are intro-
duced. Second, a description of the scramjet test
facility at the Air Force Research Laboratory is
given. Finally, data is shown from a representative
stable scramjet combustor run, and from one in
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which the isolator shock train was forced
upstream of the engine throat in the direct-con-
nect scramjet rig (termed unstart throughout the
paper). The data show that low-frequency fluctu-
ations of low-temperature non-uniformities down-
stream of the combustor flameholders increase
several seconds before unstart. Although the pre-
cise cause of these fluctuations is not yet under-
stood, these fluctuations appear to be a
precursor to unstart in scramjets and have poten-
tial for use in control strategies.
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Fig. 1. Simulated 2f/1f signal for the three probed H2O
spectral features. P = 0.85 atm, xH2O ¼ 0:11, L = 23 cm.
Laser-specific characteristics [17]: a � 0.07 cm�1,
io � 0.10.
2. Temperature fluctuation detection with absorp-
tion spectroscopy

This section discusses the use of diode laser-based
absorption spectroscopy to detect frequency-
resolved temperature fluctuations in non-uniform
gases. The method can isolate fluctuations in a
specific temperature range, for example the lower
temperature gases of a non-uniform region. The
method can be further tuned to focus on high-
or low-frequency fluctuations in the temperature
range of interest, and made robust against noise
and certain transients by using multiple absorp-
tion features.

2.1. Detection of specific temperature non-
uniformities

This section will describe the method of infer-
ring path-averaged temperature in non-uniform
environments using multiple absorption feature
ratios to detect changes in temperature non-
uniformity.

Wavelength modulation spectroscopy with sec-
ond harmonic detection (WMS-2f), a derivative
method of direct absorption spectroscopy, was
chosen for the measurements because of its supe-
rior noise-rejection ability in harsh environments
[16]. The WMS-2f signal is normalized by the first
harmonic (1f) detector signal, because this nullifies
variations in laser power, scattering, and window
fouling. In addition, this normalization strategy
provides calibration-free (absolute) measurements
of temperature and species concentration when
the laser tuning characteristics are known [16–
18]. The details of this technique [17] and the sen-
sor design [18] have been described elsewhere, and
will be reviewed only briefly here.

Temperature is inferred from the ratio of 1f-
normalized, WMS-2f signals for two absorption
features. To make sensitive temperature measure-
ments, one must choose absorption features with
different temperature-dependent absorption
characteristics. The temperature response of a
particular absorption feature is determined by its
lower-state energy (E00). Absorption features with
a low E00 absorb strongly at low temperature,
when a larger proportion of molecules populate
3

low energy states. The same is true for high E00 fea-
tures at high temperatures. Thus temperature-sen-
sitive ratios are formed with features having
widely different E00. The temperature dependence
of the three features used in this work with E00

ranging from 79 to 2952 cm�1 are shown in Fig. 1.
When the absorption pathlength is non-uni-

form, the path-averaged nature of absorption
spectroscopy makes signal interpretation more
complex [19–21]. The nonlinear temperature
response of each feature in a particular ratio pro-
duces a different sensitivity of that ratio to low- or
high-temperature non-uniformities along the
absorption path. By taking advantage of this
characteristic, one can select feature ratios which
are highly sensitive to, for example, low-tempera-
ture gases in the non-uniform environment, and
feature ratios which are insensitive to low-temper-
ature gases. The difference in the path-averaged
inferred temperatures from these ratios will yield
information about the relative magnitude of
low-temperature non-uniformities along the mea-
surement path.

This is illustrated in Fig. 2, which plots the
inferred temperature using two different ratios
for a simulated non-uniform path made up of
two regions—one at 600 K and one at 1500 K.
Along the abscissa, the ratio of pathlength at
600 K/1500 K is varied. At the left and right ends
of the abscissa, the path is uniform at 1500 and
600 K, respectively, and the measured tempera-
ture using both ratios is identical. However, for
non-uniform cases the inferred temperature using
the two absorption ratios differs—the temperature
using a ratio of low E00 and a high E00 features
(labeled mixed E00) is artificially low, while the
temperature using a ratio of two relatively high
E00 features (labeled high E00) is less affected. In this
case, pockets of low-temperature gas along the
absorption path will affect the inferred tempera-
ture using the mixed E00 ratio by as much as 18%
more than the inferred temperature using the high
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E00 ratio for this particular example of non-unifor-
mity. Through careful selection of absorption fea-
ture pairs, the experimentalist can tune the sensor
to be responsive to different types of non-unifor-
mities along the absorption path.

2.2. Detection of fluctuations in a flow field with
non-uniform temperature

The goal of any sensor is to create a robust,
high-contrast signal for the target measurement
property. The sensor signal should be robust in
that it responds only to changes in the target
property, and high-contrast in the sense that it
undergoes a large change per unit change in the
target property. The goal of the current sensor is
to measure low-frequency fluctuations in the
low-temperature non-uniformities of the scramjet
flow. We want to look not just at the boundary
layer that is always present, but rather the insta-
bility in that boundary layer, and in the unburned
or partially burned gases in the core flow due to
combustor instabilities.

To achieve this goal, two absorption feature
ratios are selected such that one ratio is sensitive
to low-temperature non-uniformities in the flow
and the other ratio is not (Section 2.1 above).
Next, we design a data reduction scheme to deli-
ver a robust, high-contrast signal for low-temper-
ature fluctuations measured with these two
absorption ratios. Since the evolution of tempera-
ture in the scramjet engine is nonstationary (statis-
tics change with time), a frequency analysis
technique that is capable of capturing the tempo-
ral development of the frequency content is neces-
sary. The simplest of these techniques, and the one
used here, is the short-time Fourier transform
(STFT), which is a regular Fourier transform
4

applied to a finite, moving time window of the sig-
nal of interest. If x(t) is the signal of interest, the
STFT can be represented by,

Sxðt; f ; sÞ ¼
Z t

t�s
xðsÞ � e�2pif s ds ð1Þ

where f is frequency. The squared magnitude of
the STFT is called a spectrogram and represents
the frequency content of the signal as a function
of time. The choice of integration limits is a
trade-off between temporal resolution and fre-
quency resolution—shorter windows give better
temporal resolution, but coarser frequency resolu-
tion. For the data presented in this paper, T (and
hence the length of the window) was chosen to be
0.5 s. Also note that the choice of ‘t’ as the upper
integration limit assumes no knowledge of future
events and thus simulates the behavior of a real-
time implementation of the STFT calculation.
Other time-frequency methods could also be ap-
plied to achieve similar results, such as the wavelet
transform and Wigner-Ville distribution [22].

The spectrogram has two key drawbacks from
the standpoint of a detection system for application
in control—it is two-dimensional, and tracking the
time evolution of individual frequency components
in the spectrogram may not deliver strong contrast
for instabilities that do not exhibit a strong pattern
at one frequency. It is therefore useful to create a
one-dimensional representation that extracts infor-
mation from a range of frequencies. To accomplish
this, a range of frequencies of interest is chosen,
fl ? fh, and the magnitude of the STFT in that
range is summed for each time step. This is normal-
ized by the sum of the magnitude of the STFT at all
frequencies to obtain the fraction of frequency con-
tent in the range of interest, F:

F fl; fh; t;Tð Þ ¼
Pfh

fl
j Sxðt; f ;TÞ jPf¼sensor max

f¼0 j Sxðt; f ;TÞ j
ð2Þ

For this work, the interest is in low-frequency
temperature fluctuations. Thus the fraction of fre-
quency content in the range fl = 1 ? fh = 50 Hz is
chosen.

Harsh combustion environments contain spo-
radic noise sources such as window fouling, peri-
ods of heavy beam steering, or beam attenuation
from particulates in the flow. Although these
sources are accounted for by 1f-normalization,
they can still degrade signal-to-noise ratios. In
addition, startup transients in the scramjet lead
to large-scale uniform temperature fluctuations.
These factors can lead to increased frequency con-
tent in the fluctuation measurement that is not
caused by fluctuations of low-temperature non-
uniformities. The final step then in creating a
robust signal is to minimize these unwanted influ-
ences. This can be achieved by rationing the frac-
tion of frequency content, F, created from the
measured temperature using the low-temperature
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sensitive ratio with the F created from the mea-
sured temperature using the insensitive ratio:

R fl; fh; t;Tð Þ ¼ F fl; fh; t;Tð ÞLow T sensitive

F fl; fh; t;Tð Þinsensitive

ð3Þ

Large-scale uniform temperature fluctuations and
degradations to signal-to-noise ratio will affect
both temperature measurements similarly; how-
ever fluctuations in low-temperature non-unifor-
mities will only affect F for the low-temperature
sensitive feature pair. As will be shown in Section
4, taking the ratio of F from 1 < f < 50 Hz for the
two different measured temperatures eliminates
common-mode transients while retaining the spe-
cific low-frequency fluctuations in low-tempera-
ture gases preceding unstart.

Using the method presented above, one is able
to directly tune the sensor to detect only fluctua-
tions of temperature non-uniformity. The experi-
mentalist can choose to look at fluctuations in
high or low temperature gases through the choice
of absorption features. The frequency range in the
summation of the fractional STFT can be changed
to develop contrast in different frequency windows.
Finally, taking the ratio between two fractional
STFTs focuses on fluctuations in temperature
non-uniformity along the absorption path.

2.3. Optical setup

The optical setup is presented in detail in [18],
and will be summarized briefly here. The light from
three fiber-coupled DFB diode lasers tuned to the
selected transitions is combined onto one single-
mode fiber using a fiber multiplexer. The fiber car-
ries light from the sensor setup to a collimating
lens. The beam is pitched through wedged quartz
windows 16.5 cm upstream of the exit plane of
the combustor to a large diameter catch lens. The
lens focuses the light onto a 400-lm multimode
fiber which terminates at the dispersion and detec-
tion system. The individual colors of the beam are
separated by a hybrid-demultiplexing technique
that combines wavelength-demultiplexing using a
grating with frequency-demultiplexing using a
Flow Direction

Wall Th
(Flam

FlameFuel Injectors
(+ 1 bank on cowl side)

IsolatorDistortion Generator

Body Side

Cowl Side

Fig. 3. Schematic of AFRL continuous-flo
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lock-in amplifier [18]. All laser drive signal genera-
tion and data collection is performed by a single
PC.
3. Scramjet facility

The scramjet test rig used for this study is
located in a high-enthalpy, continuous-flow,
direct-connect supersonic combustion facility at
AFRL, Wright-Patterson AFB, Ohio. The facility
supplies 13.6 kg/s of air at up to 920 K and
5.2 MPa. A methane-fueled vitiator further
increases the temperature and pressure to the
desired experimental conditions, and oxygen is
added to re-establish ambient levels. Interchange-
able facility nozzles accelerate the flow to super-
sonic speeds. Here, a Mach-2.84 nozzle simulates
flight Mach numbers of 5–5.5, and a distortion-
generator simulates the effects of flight conditions
on the combustor inlet [23]. Further information
on the scramjet facility can be found in [24].

The scramjet flowpath is shown in Fig. 3. It
consists of isolator, combustor, and expansion
sections. The combustor has fuel injector banks
in multiple locations, so many fuel-injection con-
figurations can be tested. For the results shown
here, fuel was injected upstream of a cavity flame-
holder on the body side of the flowpath. Addi-
tional fuel was added between the cavity and
rear-facing step flameholders on both the body
and cowl sides of the flowpath. Overall fuel/air
equivalence ratios of / = 0.6–0.9 were tested with
unstart occurring for the higher values.

The combusting gases continue past the flame-
holders to the optical measurement location in the
expanding section. The scramjet flowpath is heav-
ily instrumented with pressure and thermocouple
taps, which are sampled at �1 Hz throughout
each run.
4. Scramjet results

The diode laser sensor was used to monitor 99
combustor runs of the scramjet test rig. Here, an
Wall Thermocouple
(Combustor exit)

Optical Access
Laser Beam

Location
ermocouple
eholder)

Static Pressure Taps
(Open circles)holders

Combustor

w, direct-connect scramjet flowpath.



4.8 s

Unstart

30 35 40 45 50 55
0

500

1000

1500

2000

G
as

Te
m

pe
ra

tu
re

(K
)

Time (s)

High E" Feature Pair
         (insensitive to low T gas)

Mixed E" Feature Pair
(sensitive to low T gas)

Fig. 5. Measured temperature with individual absorp-
tion feature pairs. Unstart (observed in wall pressure
data) occurred during the gray time window.

836 G.B. Rieker et al. / Proceedings of the Combustion Institute 32 (2009) 831–838
unstable case in which unstart occurs is compared
with a representative stable case to demonstrate
the utility of the fluctuation detection method.
All operating parameters for the scramjet are
identical for the two cases shown, except the over-
all fuel/air equivalence ratio, which is / � 0.7 for
the stable case and / � 0.85 for the unstable case.

The average gas temperatures measured with
multiple absorption feature ratios for the stable
and unstable cases are shown in Fig. 4. Because
a long time history is shown, the measured tem-
peratures have been filtered with a 100-Hz low-
pass filter to suppress outliers that increase the
appearance of noise in dense plots. Both combus-
tor runs begin with only vitiated air at �575 K
passing the measurement location. Combustor
fuel injection begins at approximately 24 s. No
ignition source was used for these measurements,
so the autoignition and flame stabilization process
occurs for 6–7 s as the flame develops across the
combustor and approaches steady-state. Gas tem-
peratures appear to plateau for several seconds
when a sudden blowout/re-ignition event occurs
for the unstable / � 0.85 case. The inset of
Fig. 4 shows the blowout/re-ignition event at the
full sensor sampling rate of 4 kHz. After this event
the average gas temperature at the measurement
location is reduced for the / � 0.85 case.

The isolator pressure history for the unstable
combustor run is used to compare the timing of
the blowout/re-ignition event with unstart. The
scramjet flowpath contains 248 pressure taps that
record the unstart by tracking the location of the
isolator shock train. Due to the 0.9-Hz pressure-
sampling rate, there is an uncertainty in the timing
of this rapid event. In addition, the diode laser
data system was not digitally synchronized with
the pressure-acquisition system introducing an
additional ±0.5 s uncertainty. Finally, a �0.2-s
uncertainty is added to account for acquisition
time lag and damping in the pressure lines. This
conservative uncertainty is represented by a 2.3-s
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window during which the unstart event occurred,
which is plotted over the laser sensor data in
Figs. 5–7.

Figure 5 shows the gas temperature measured
with the high E00 and the mixed E00 absorption
feature pairs during the late-startup transient
and unstable combustion periods. Two key fea-
tures are evident. First, even accounting for the
uncertainty in the exact timing of the inlet
unstart, the blowout occurs before the inlet
unstart. Second, looking at the mixed E00 mea-
surement 4.8 s before unstart, one can see a
marked decrease in temperature and an increase
in measured temperature fluctuations that are
not as apparent in the high E00 measurement.
Recall from Fig. 2 that the high E00 ratio is much
less sensitive to low-temperature gases in a non-
uniform path than the mixed E00 ratio. This sug-
gests that a marked increase in low-temperature
gases as well as fluctuations in these gases occurs
before unstart.

To quantify this increase, the fractional STFT
described in Eq. (2) is plotted for both ratios in
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Fig. 6. The increase in frequency content in the
1 < f < 50 Hz range for the mixed E00 ratio is
apparent prior to unstart. However, by only
examining the mixed E00 line pair, one cannot dis-
tinguish between the increased transients during
startup and the onset of the particular instability
that proceeds unstart. An arbitrary threshold is
plotted in Fig. 6 to illustrate this point. At early
times, the low-frequency content is similar in mag-
nitude to when the instability begins. Even for the
stable combustor case (bottom panel of Fig. 6),
the fractional STFT is large during startup
transients.

To distinguish between the increased transients
during unstart and the fluctuations preceding
unstart, the ratio between the fractional STFTs
using different line pairs is taken according to
Eq. (3). This rejects common-mode transients in
the two signals and, as shown in Fig. 7, increases
the contrast of the fluctuations of LOS tempera-
ture non-uniformity. From this figure, the
increase in low-frequency fluctuations in low-tem-
perature gases in the non-uniform combustor exit
clearly begins �4.8 s before unstart. This phenom-
enon was recorded for all cases that experienced
unstart, with varying initiation times up to 10 s
before unstart. The blowout/re-ignition event
was not always present.

It is presently unclear what physical processes
are causing the increase in low-frequency fluctua-
tions prior to unstart. As discussed in Section 1,
isolator boundary-layer growth and separation
are associated with unstart as well as several
potential instabilities for transverse fuel jets at
increased heat-addition rates. Interaction between
the combustor and isolator is also likely to occur,
but has not been studied. Overall, the likelihood is
high for large-scale flow-instabilities to exist dur-
ing the unstart process. Because the increase in
low-frequency fluctuations begins in advance of
unstart, one can see the potential utility of the
ratio of fractional STFT information from two
absorption line pairs as a control variable. The
7

variable could be used to limit fuel flow to the
combustor, or modify the distribution of fuel
among a series of injection sites, at the onset of
fluctuations and thereby avoid a back-pressure
induced unstart.

Figure 8 shows the average gas temperature
plotted with 0.9-Hz static pressure and wall tem-
perature data near the optical measurement
location. No distinct change is seen in the wall
pressure before or after unstart. However, the
wall temperature data, which experiences a
6.5-s lag with respect to the laser measurement
due to thermocouple response and wall heat
capacity, show inflection points that match the
laser data.
5. Summary and conclusions

A method to detect frequency-resolved temper-
ature fluctuations using a diode laser-based sensor
was developed and applied to the scramjet test rig
at AFRL. Ratios of measured quantities can be
taken to isolate the sensor response to low-fre-
quency fluctuations in temperature non-unifor-
mity along the absorption LOS. The WMS-2f
signal is normalized by the 1f signal to suppress
perturbations to laser transmission (i.e. beam
steering, window fouling, scattering, etc.). The
LOS-averaged temperature is inferred using the
ratio of absorption on two spectral transitions,
which suppresses variation/fluctuation in water
vapor concentration. Inferring different tempera-
tures based on pairs of water vapor features with
different sensitivities to low-temperature non-uni-
formities along the absorption path enables differ-
entiation of these non-uniformities from uniform
changes in temperature. A Fourier analysis
(STFT) of the time-resolved temperature provides
a measure of the temperature fluctuations.
Summing the magnitude of the STFT of measured
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temperature in the 1 < f < 50 Hz range and
normalizing by the total sum of the STFT pro-
duces a measure of the fraction of frequency con-
tent at low frequency, which provides a monitor
of stability. Taking the ratio of the fraction of
low-frequency content for the two measured
temperatures with different sensitivity to non-uni-
formity focuses the sensor specifically on low-fre-
quency fluctuations in temperature non-uniformity,
eliminating sensitivity to overall temperature fluc-
tuations and to changes in SNR. The correlation
of local temperature with local heat release, the
ability to make high-bandwidth measurements
to capture temperature (heat release) fluctua-
tions, and the use of spectroscopic line selection
to identify non-uniformities of the temperature
(heat release) in the combustor, all serve to
confirm the potential of diode laser absorption
sensors for a wide variety of new control
strategies.

The first demonstration of this new diagnostic
strategy in the high-speed ducted flow of the
model scramjet at AFRL yielded several interest-
ing conclusions/observations:

1. There is a distinct increase in low-frequency
fluctuations of low-temperature non-uniformi-
ties in the combustor several seconds before
the occurrence of back-pressure induced
unstart.

2. The onset of fluctuations preceding unstart
corresponds to changes in wall thermocouple
measurements in the combustor, which lag
the optical sensor by 6.5 s.

3. The specificity and fast time response of this
diagnostic strategy confirm its potential utility
as a control variable to adjust combustor flow
and fueling properties to achieve high perfor-
mance while avoiding back-pressure induced
unstart.
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